neurons and its contribution to central sensitization have been investigated. In adult rat spinal slice preparations, activation of C-fiber primary afferents by a brief exposure of capsaicin produces an eightfold to 10-fold increase in ERK phosphorylation (pERK) in superficial dorsal horn neurons. The pERK induction is reduced by blockade of NMDA, AMPA/kainate, group I metabotropic glutamate receptor, neurokinin-1, and tyrosine receptor kinase receptors. The ERK activation produced by capsaicin is totally suppressed by inhibition of either protein kinase A (PKA) or PKC. PKA or PKC activators either alone or more effectively together induce pERK in superficial dorsal horn neurons. Inhibition of calcium calmodulin-dependent kinase (CaMK) has no effect, but pERK is reduced by inhibition of the tyrosine kinase Src. The induction of cAMP response element binding protein phosphorylation (pCREB) in spinal cord slices in response to C-fiber stimulation is suppressed by preventing ERK activation with the MAP kinase kinase inhibitor 2-(2-diamino-3-methoxyphenyl-4H-1-benzopyran-4-one (PD98059) and by PKA, PKC, and CaMK inhibitors. Similar signaling contributes to pERK induction after electrical stimulation of dorsal root C-fibers. Intraplantar injection of capsaicin in an intact animal increases expression of pCREB, c-Fos, and prodynorphin in the superficial dorsal horn, changes that are prevented by intrathecal injection of PD98059. Intrathecal PD98059 also attenuates capsaicin-induced secondary mechanical allodynia, a pain behavior reflecting hypersensitivity of dorsal horn neurons (central sensitization). We postulate that activation of ionotropic and metabotropic receptors by C-fiber nociceptor afferents activates ERK via both PKA and PKC, and that this contributes to central sensitization through post-translational and CREB-mediated transcriptional regulation in dorsal horn neurons.
Introduction
Increasing evidence indicates the involvement of the MAP kinase ERK (extracellular signal-regulated protein kinase) in neural plasticity Sweatt 2001) . Activation of ERK in dorsal horn neurons contributes to pain hypersensitivity Karim et al., 2001) , because of both a role in promoting acute central sensitization, an activity-dependent increase in the excitability of dorsal horn neurons (Woolf, 1983; Woolf and Salter, 2000; , and alteration in gene transcription in the spinal cord (Ji et al., 2002a) .
Noxious stimulation releases neurotransmitter glutamate and neuromodulators substance P and brain-derived neurotrophic factor (BDNF) from primary afferents in the spinal cord. Activation of the corresponding NMDA and metabotropic glutamate receptors (mGluRs) neurokinin-1 (NK-1) and tyrosine receptor kinase B (TrkB) receptors in postsynaptic dorsal horn neurons induce central sensitization (Mannion et al., 1999; Woolf and Salter, 2000; Hunt and Mantyh, 2001; Karim et al., 2001) . Multiple neurotransmitter receptors and protein kinases are associated with ERK activation in the brain (Otani et al., 1999; Roberson et al., 1999) , and activation of NMDA and metabotropic glutamate receptors are implicated in noxious stimulation-evoked ERK ac-tivation in dorsal horn neurons Karim et al., 2001; Pezet et al., 2002; Lever et al., 2003) . However, the molecular pathways responsible for ERK activation in the spinal cord in response to peripheral noxious stimuli and the downstream actions of ERK phosphorylation (pERK) are not well defined.
Noxious stimulation and peripheral inflammation induces gene expression in dorsal horn neurons (Wisden et al., 1990; Dubner and Ruda, 1992; Ji et al., 1994 Abbadie et al., 1996; Samad et al., 2001 ). ERK activation is required for the inflammation-induced upregulation of prodynorphin and NK-1 in the superficial dorsal horn and for maintaining persistent inflammatory pain (Ji et al., 2002a) . ERK activation is associated with the transcription factor cAMP response element binding protein (CREB) in cultured hippocampal neurons and brain slices (Impey et al., 1998; Obrietan et al., 1999) . Phosphorylation of CREB (pCREB) at serine 133 activates cAMP response element (CRE)-mediated gene expression . Many inflammation-induced genes, such as c-fos, prodynorphin, Cox-2, NK-1, and TrkB, contain CRE sites in their promoter regions (Lonze and Ginty, 2002) , and c-fos is regulated by the ERK/CREB pathway in pheochromocytoma 12 cells and cortical neurons (Ginty et al., 1994; Xia et al., 1996) . Noxious stimulation and inflammation induce CREB phosphorylation in dorsal horn neurons (Ji and Rupp, 1997; Messersmith et al., 1998; Wu et al., 2002 ), but it is not known whether this is ERK dependent.
We used two different protocols to activate C-fiber primary afferents in an adult rat spinal cord slice preparation: electrical stimulation of an attached dorsal root and bath application of capsaicin. We found that glutamate, substance P, and BDNF are involved via ionotropic, metabotropic, and tyrosine kinase receptors in the C-fiber-induced activation of ERK, and that this involves protein kinase A (PKA), PKC and Src. ERK activation is required, moreover, for C-fiber-evoked induction of pCREB and the establishment of central sensitization. (200 -300 gm) were used according to Harvard Medical School Animal Care guidelines. The rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). Capsaicin, prepared in saline containing 10% Tween 80, was injected into the plantar surface of the left hindpaw. For intrathecal injection, a polyethylene 10 catheter was implanted at L3-L5 spinal level, and saline, NMDA, substance P, and BDNF as well as specific MAP kinase kinase (MEK) inhibitor 2-(2-diamino-3-methoxyphenyl-4H-1-benzopyran-4-one (PD98059) (1 g) were intrathecally injected (10 l) and flushed with 10 l of saline. PD98059 was initially dissolved in 20% DMSO at the concentration of 1 g/l (3.7 mM) as stock solution and further diluted to 0.1 g/l in 10% DMSO for intrathecal injection. The 10 l of 10% DMSO was rapidly diluted by CSF in the intrathecal space after injection. The DMSO concentration used in the spinal cord slice incubation buffer was 0.2%. Capsaicin, NMDA, substance P, APV, (ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (MK-801), CNQX, PD98059, and L733061 were purchased from Sigma (St. Louis, MO), and , K252a, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2), genistein, genistin, forskolin, and phorbol 12-myristate 13-acetate (PMA) were purchased from Calbiochem (La Jolla, CA). NK-1 antagonist GR205171A and BDNF were kindly provided by GlaxoSmithKline Pharmaceuticals (Harlow, UK) and Regeneron Pharmaceuticals (Tarrytown, NY), respectively. 7-(Hidroxyimino)cyclopropachromen-1a-carboxylate ethyl ester (CPCCOEt) was purchased from Tocris Cookson (Ballwin, MO).
Materials and Methods

Animals and reagents. Male adult Sprague Dawley rats
Spinal cord slice preparation and C-fiber stimulation. Adult rat transverse spinal cord slices were prepared as described previously Ji et al., 1999; Moore et al., 2002) . Briefly, the lumbar spinal cord was removed and immersed in cold Krebs' solution, and a 700-mthick transverse slice with attached L4 dorsal root (15-20 mm long) was cut on a vibrating microslicer. The slice was perfused with Krebs' solution saturated with 95% O 2 and 5% CO 2 at 36 -37°C. For electrical stimulation, the L4 dorsal root was stimulated using a suction electrode, and the current for C-fiber stimulation was 1000 A (0.5 msec) . Three trains, separated by a 10 sec interval, were applied. Each train consisted of 50 pulses at 50 Hz for 1 sec. The threshold stimulation intensity and duration of C-fiber for this type of suction electrode (200 A; 0.5 msec) have been established previously by compound action potential recordings Moore et al., 2002; . Although this intensity will activate A␤ and A␦ fibers, pERK is not activated by A␤-fiber stimulation and only very slightly by A␦-fiber stimulation .
The spinal cord slices were perfused with Krebs' solution for at least 3 hr before electrical stimulation. Two minutes after the stimulation, the slices were fixed in 4% paraformaldehyde for 60 min, replaced with sucrose overnight, and cut in cryostat at 15 m. Because the surfaces of the slices were likely to be damaged during the preparation, we trimmed the slices (100 m each side) in a cryostat and collected 20 -25 serial sections (15 m thick) only from the middle of the slices. Six to eight nonadjacent sections of these were randomly picked for analysis. These sections were then processed for immunohistochemistry using ABC method or immunofluorescence (described below). Some slices were incubated with drugs at least 5-15 min before the dorsal root stimulation.
For capsaicin study, 8 -10 adjacent slices (700 m) without dorsal roots attached were prepared from the same spinal fragment, and at least one slice was used for control and one for capsaicin stimulation alone (3 M; 5 min). The remaining slices were treated with drugs for 5-15 min followed by capsaicin stimulation. This arrangement would allow negative and positive control for each animal.
Immunohistochemistry. After separate survival times (10 min after intrathecal injection of NMDA, substance P, or BDNF) and 5, 60, and 180 min after capsaicin injection, the rats were perfused through the ascending aorta with saline followed by 4% paraformaldehyde with 1.5% picric acid in 0.16 M phosphate buffer, pH 7.2-7.4 (4°C). After the perfusion, the L4 -L5 spinal cord segments were removed and postfixed in the same fixative for 4 hr and then replaced with 15% sucrose overnight. All of the spinal cords for each experiment were arranged on the same blocks with optimal cutting temperature embedding medium and mounted on the same slides after sectioning. Transverse spinal sections (15 m) were cut in a cryostat and processed for pERK, pCREB, and c-Fos immunostaining. Free-floating sections (30 m) were also cut in cryostat for pERK/ pCREB or pERK/c-Fos double staining.
Spinal sections were processed for immunohistochemistry using the ABC method or immunofluorescence (Ji et al., 1994 . Briefly, spinal sections were blocked with 2% goat serum in 0.3% Triton X-100 for 1 hr at room temperature (RT) and incubated overnight at 4°C with anti-pERK (anti-rabbit, 1:300; Cell Signaling Technology, Beverly, MA), anti-pCREB (anti-rabbit, 1:1000; Cell Signaling Technology), anti-c-Fos (anti-rabbit, 1:1500; Santa Cruz Biotechnology, Santa Cruz, CA), or antiprodynorphin (anti-guinea pig, 1:3000; Chemicon, Temecula, CA) antibodies. For ABC staining, the sections were incubated for 90 min with biotinylated secondary antibody (1:200) and 30 min with ABC complex (1:75; Vector Laboratories, Burlingame, CA) at RT. Finally, the reaction product was visualized with 0.05% DAB/0.002-0.006% hydrogen peroxide in 0.1 M acetate buffer, pH 6.0, containing 2% ammonium nickel sulfate for 2-5 min. For immunofluorescence, the sections were incubated with FITC-or cyanin 3 (Cy3)-conjugated secondary antibody (anti-mouse or anti-rabbit, 1:300; Jackson ImmunoResearch, WestGrove, PA) for 90 min at RT after primary antibody incubation. For pERK/pCREB or pERK/c-Fos double immunofluorescence, free-floating spinal sections were incubated with a mixture of monoclonal pERK (1: 300; Cell Signaling Technology) and polyclonal pCREB (1:500) or c-Fos (1:1500) antibodies overnight at 4°C, followed by a mixture of FITC-and Cy3-congugated secondary antibodies for 90 min at RT. The sections (15 m thick) from spinal cord slices were processed for immunostaining in the same way as described above. The Cell Signaling Technology pERK antibody recognizes two bands, ERK1 (p44) and ERK2 (p42) in Western blots, and they change to the same extent in response to peripheral noxious stimuli . The specificity of antibodies and immunostaining was tested by the omission of the primary antibody or preabsorption with the antigen protein-peptide (Ji et al., , 2002a .
RNase protection assay. As described previously (Ji et al., 2002a,b) , prodynorphin cDNA was generated by reverse transcription-PCR from rat DRG total RNA using primers 5Ј-TGGAAAAGCCCAGCTCCTAGAC-CCT-3Ј and 5Ј-TTCCTCGTGGGCTTGAAGTGTGAAA-3Ј and cloned into pCRII (Invitrogen, San Diego, CA). The plasmid was linearized with EcoRV, and an antisense probe was synthesized using Sp6 RNA polymerase and labeled with 32 P-UTP (800 Ci/mmol; NEN, Boston, MA). RNase protection assays were performed using the RPA III (Ambion, Austin, TX) protocol. Ten micrograms of RNA samples was hybridized with labeled probe overnight at 42°C and then digested with RNase A/RNase T1 mix in RNase digestion buffer for 30 min at 37°C. Finally, samples were separated on denaturing acrylamide gel and exposed to x-ray films. A ␤-actin probe was used for each sample as a loading control.
Behavioral testing. Animals were habituated to the testing environment daily for at least 2 d before baseline testing. The room temperature, humidity, and time of testing remained unchanged for all experiments. For testing mechanical sensitivity, animals were placed in plastic boxes (11 ϫ 13 ϫ 24 cm) on an elevated metal mesh floor and allowed 30 min for habituation before examination. The plantar surface of each hindpaw was stimulated with a series of von Frey hairs (from 0.4 to 20 gm). The threshold was taken as the lowest force that evokes a brisk withdrawal response (Ji et al., 2002a,b; Jin et al., 2003) . All testing was performed blind. Capsaicin (20 g/20 l) was intradermally injected to the heel of a hindpaw with a 30 ga needle, and secondary mechanical allodynia was tested in the middle plantar area (5-10 mm from the injection site).
Quantification and statistics. Six to eight nonadjacent sections from the lumbar spinal cord (L4 -L5) segments were randomly selected. The region of the superficial dorsal horn sampled in all experiments using intraplantar capsaicin and electrical C-fiber stimulation was the medial two-thirds of the dorsal horn (laminas I and II) measured as a proportion of the distance from the medial border of lamina II with the dorsal column to its border with the dorsolateral column. This region receives input from the hindpaw, whereas the lateral third receives input from proximal territories (Swett and Woolf, 1985) . This region in the superficial dorsal horn was captured inside the optic field (a square box, 450 ϫ 338 m) with a digital camera under 20ϫ magnification. This size of the box, as shown in Figure 3a , was kept the same in all conditions. The numbers of immunoreactive (IR) neurons for pERK and prodynorphin and neuronal nuclei for pCREB and c-Fos in this region were counted. The spinal neurons were identified by their distinct morphology from glia under high magnification (20ϫ and 40ϫ) and confirmed by colocalization with neuronal-specific nuclear protein. However, intrathecal injection of NMDA, substance P, and BDNF and bath application of capsaicin, PKA, and PKC activators induced many pERK-IR neurons in the Scale bars, 100 m. f, Numbers of pERK-IR neurons after exposure of spinal cord slices to NMDA (100 M), substance P (SP; 100 M), and BDNF (200 ng/ml). ANOVA indicates an overall effect of these agents on pERK expression (F (3, 11) ϭ 18.489; p Ͻ 0.0001). *p Ͻ 0.01, compared with control (n ϭ 4 -5). All of the slices were fixed 10 min after exposure.
lateral one-third dorsal horn. In this case, all of the pERK-IR neurons (including both medial and lateral superficial dorsal horn) were counted in laminas I-II. The numbers of labeled neurons for every section in each slice or animal were averaged for that rat, and three to six slices or rats, each slice from a different rat, were included in each group. The data were represented as mean Ϯ SEM. The difference between the groups was compared using ANOVA followed by Fisher's PLSD or using Student's t test, and the criterion for statistical significance was p Ͻ 0.05.
Results
ERK activation by intrathecal NMDA, substance P, and BDNF Intrathecal injection of NMDA, substance P, and BDNF was used to determine the effect of stimulation of NMDA, NK-1, and TrkB receptors on pERK levels in spinal cord neurons in vivo. Intrathecal injection of saline did not induce pERK (Fig. 1a) , but intrathecal NMDA (0.5 g, 2 nmol; 10 min) and BDNF (5 g, 0.4 nmol; 10 min) induced pERK-IR in many neurons of the superficial dorsal horn (Fig. 1b,d ,e). Intrathecal injection of substance P (10 g, 7 nmol; 10 min) also resulted in pERK induction, although in this case restricted primarily to lamina I neurons (Fig. 1c) where the NK-1 receptor is localized (Mantyh et al., 1995) . Intrathecal injection of the group I metabotropic glutamate receptor (mGluR1) agonist (RS)-3,5-dihydroxyphenylglycine markedly induces pERK in dorsal horn neurons (Karim et al., 2001) . These data indicate that each primary afferent neurotransmitter or neuromodulator is sufficient to activate ERK in dorsal horn neurons.
ERK activation in spinal cord slices
To investigate the molecular pathways involved in ERK activation in the spinal cord by afferent inputs, we used an adult rat transverse spinal cord slice preparation (700 m thick), which offers the opportunity for activating defined primary afferent inputs and controlled drug application. The slices were perfused for Ͼ3 hr before stimulation, and there were few pERK-IR neurons in control nonstimulated spinal cord slices (Fig. 2a,d ). Bath application of NMDA (100 M), substance P (100 M), and BDNF (100 ng/ml) all increased pERK-labeled neurons in the superficial dorsal horn neurons to levels similar to that produced by intrathecal injections in vivo (Figs. 1e, 2f ) . Direct depolarization of spinal cord neurons with KCl (90 mM; 5 min) also induced a robust ERK activation. In this case, the ERK was predominantly activated in superficial dorsal horn neurons, even though all spinal cord neurons were depolarized by the KCl (Fig. 2b) .
To examine the intracellular signal elements involved in nociceptor afferentinduced ERK activation, bath application of capsaicin (3 M) was used to induce the release of neurotransmitters and neuromodulators from transient receptor potential vanilloid receptor subtype 1 (TRPV1)-expressing primary afferents (a subset of C-fibers) in the superficial dorsal horn. Brief exposure of capsaicin (5 min) to the spinal cord slice induced a large increase in pERK in the superficial dorsal horn (laminas I-II) (Fig. 2c) 2-10 min later (Fig. 3f ) .
To examine whether pERK is induced by monosynaptic or polysynaptic activation after capsaicin application, we applied TTX (1 M) to block action potentials and thereby polysynaptic transmission. TTX did not decrease the capsaicin-induced pERK induction; the numbers of pERK-IR neurons were 28.2 Ϯ 3.0 and 32.6 Ϯ 8.1 (n ϭ 6; p Ͼ 0.05) in capsaicin-treated and capsaicin- ϩϩ p Ͻ 0.01, compared with electrical stimulation without PD98059 (n ϭ 4). PD98059 had no effect on basal pCREB levels. The spinal slices were fixed 5 min after electrical stimulation for pCREB immunostaining. f, Time course of capsaicin (3 M; 5 min) induced pERK and pCREB increases in the superficial dorsal horn. At all of the time points, pERK (F (4, 15) ϭ 16.982; p Ͻ 0.0001) and pCREB (F (4, 13) ϭ 3.837; p ϭ 0.0028) levels are significantly higher than control levels ( p Ͻ 0.05; n ϭ 3-5). g, Numbers of pCREB-IR neurons in the superficial dorsal horn (laminas I-II) after capsaicin stimulation (3 M; 5 min) in the presence of MEK inhibitor PD98059 (PD), PKA inhibitor H89, PKC inhibitor Ro-31-84-25 (Ro), and CaMK inhibitor KN93. ANOVA indicates an overall effect of these inhibitors on pCREB expression (F (6, 25) ϭ 10.592; p Ͻ 0.0001).
ϩϩ p Ͻ 0.01, compared with control; *p Ͻ 0.05, **p Ͻ 0.01, compared with capsaicin (n ϭ 4 -6). Six to eight sections (15 m) were analyzed for each slice. The slices were incubated with PD98059 for 30 min and the rest of the drugs for 10 min and fixed 10 min after the capsaicin stimulation.
plus TTX-treated spinal sections, respectively. This result indicates that pERK is directly induced in postsynaptic neurons by those neurotransmitters released from primary afferents in response to activation of TRPV1 on their central terminals rather than by polysynaptic circuits. Electrical stimulation of the attached dorsal root at C-fiber intensity (1000 A, 50 Hz; three trains with 10 sec interval, 150 pulses total) also induced an increase in pERK-positive neurons in the superficial layers (laminas I-II) of the dorsal horn, with the most prominent expression in lamina I (Fig. 2e) .
Involvement of ionotropic and metabotropic glutamate receptors in C-fiber-induced ERK activation
Because glutamate is the fast neurotransmitter in primary afferents (for review, see Woolf and Salter, 2000) , we tested whether ionotropic glutamate receptors are involved in ERK activation. Activation of NMDA receptors is implicated in ERK activation in cortical neurons (Xia et al., 1996; English and Sweatt, 1997) . However, it is controversial whether this receptor is required for noxious stimulation-evoked ERK activation in dorsal horn neurons Lever et al., 2003) . In agreement with our previous in vivo study , pERK induction by capsaicin was only partially inhibited by the NMDA receptor antagonist MK-801 (100 M; 44% inhibition; p Ͻ 0.001). The AMPA/kainate receptor antagonist CNQX (20 M) also attenuated pERK induction (54% inhibition; p Ͻ 0.001) as did the group I metabotropic receptor mGluR1 antagonist CPCCOEt by 60% ( p Ͻ 0.001) at 1 M and 75% ( p Ͻ 0.001) at 10 M. CPCCOEt (10 M) was more effective than MK-801 (100 M; p Ͻ 0.01) and CNQX (20 M; p Ͻ 0.01) in suppressing capsaicininduced ERK activation (Fig. 4a) .
C-fiber electrical stimulation of the dorsal root induced a fourfold increase in pERK levels, which, like the capsaicin experiments, was partially suppressed by blockade of NMDA (APV, 100 M, 51% inhibition; p Ͻ 0.01) and AMPA/kainate receptors (CNQX, 20 M, 37% inhibition; p Ͻ 0.01). A combination of Data are represented as mean Ϯ SEM. Six to eight sections (15 m) were analyzed per slice with three to five slices. The slices were fixed 2 min after electrical stimulation. These drugs do not affect basal pERK levels, and thus percentage inhibition is calculated after subtraction of basal pERK levels. C, C-fiber; Ro, Ro-31-8425; TK, tyrosine kinase.
NMDA and AMPA/kainate receptor antagonists (APV, 100 M; CNQX, 20 M) almost completely blocked the C-fiber-induced pERK (90% inhibition; p Ͻ 0.01) ( Table 1) .
Involvement of NK-1 and Trk receptors in C-fiber-induced ERK activation
We first tested whether the G-protein-coupled NK-1 receptor plays a role in C-fiber-mediated ERK activation. The selective NK-1 antagonist GR205171A (100 M) inhibited capsaicininduced pERK but only by 27% ( p Ͻ 0.05) (Fig. 4b) . pERK induction by C-fiber electrical stimulation was suppressed by GR205171A to a limited extent (100 M, 35% inhibition; p Ͻ 0.01). An inactive NK-1 antagonist, L733061 (100 M), was ineffective (Table 1) . BDNF contributes to pain hypersensitivity via the TrkB receptor (Kerr et al., 1999; Mannion et al., 1999) . Bath application of a general Trk inhibitor K252a at 50 and 100 nM, concentrations considered specific for Trk inhibition (Riccio et al., 1997) , reduced capsaicin-induced pERK by 35 and 40%, respectively (Fig.  4b) . However, K252a, even at 100 nM, had no effect on pERK induced by C-fiber electrical stimulation (10% inhibition; p Ͼ 0.05) ( Table 1 ). This discrepancy may reflect the finding that BDNF is released only by very high-frequency (100 Hz) bursts of electrical stimulation of C-fibers (Lever et al., 2001 (Lever et al., , 2003 . This result suggests that the involvement of BDNF and its TrkB receptor in C-fiber-induced ERK activation may depend on the frequency and intensity of C-fiber stimulation.
ERK activation by PKA and PKC PKA and PKC are both activated by multiple transmitters and synaptic neuromodulators, and both kinases are coupled to ERK activation in hippocampal neurons (Roberson et al., 1999) and implicated in ERK-mediated neuronal excitability in dorsal horn neurons and central sensitization (Petersen-Zeitz and Basbaum, 1999; Ji and Woolf, 2001) . To examine whether activation of either PKA or PKC is sufficient alone to induce pERK, spinal cord slices were exposed to the PKA activator forskolin (10 and 20 M) or to the PKC activator PMA (1 and 5 M) for 20 min. Both forskolin and PMA activated ERK, producing eightfold increases in pERK levels (Fig.  5b,c) . Coapplication of forskolin and PMA produced a 16-to 20-fold increase in pERK levels, which is significantly higher than either alone ( p Ͻ 0.05) (Fig. 5e ). Most pERK-IR cells were localized in the superficial dorsal horn. The additive effect of PKA and PKC activators indicates that PKA and PKC are likely to activate ERK as independent parallel pathways.
We next investigated whether PKA and PKC are required for ERK activation in the dorsal horn. Capsaicin-induced pERK was not attenuated by a low concentration of either the PKA inhibitor H89 (0.1 M, 25% inhibition; p Ͼ 0.05) or the PKC inhibitor Ro-31-8425 (0.1 M, 15% inhibition; p Ͼ 0.05); however, it was suppressed by a combination of both inhibitors at this low concentration (0.1 M, 63% inhibition; p Ͻ 0.001) (Fig. 6a) . At a higher concentration, H89 (1 M, 97% inhibition; p Ͻ 0.001) and Ro-31-8425 (1 M, 96% inhibition; p Ͻ 0.001) independently blocked the pERK increase (Fig. 6a) .
pERK induction by electrical C-fiber stimulation was also decreased by H89 (1 M, 60% inhibition; p Ͻ 0.01) and by Ro-31-84-25 (1 M, 34% inhibition; p Ͻ 0.01). pERK levels after cotreatment of H89 and Ro-31-84-25 were significantly lower (89%; p Ͻ 0.01) than H89 or Ro-31-84-25 treatment alone and not different from the levels in control slices ( p Ͼ 0.05) ( Table 1) .
CaM kinase, Src, and C-fiber-induced ERK activation
Calcium calmodulin-dependent kinase (CaMK) is also involved in central sensitization Garry et al., 2003) . Although the CaMK is implicated in ERK activation in cortical neurons (Vanhoutte et al., 1999; Zhu et al., 2002) , the CaMK inhibitor KN93, even at a high concentration (20 M), had no effect on pERK induced either by capsaicin (0% inhibition) (Fig.  6b) or electrical C-fiber stimulation (15% inhibition; p Ͼ 0.05) ( Table 1) .
Tyrosine kinases, especially Src family members, couple to the MAPK (mitogen-activated protein kinase) cascade in neurons after intracellular calcium increase (Finkbeiner and Greenberg, 1996) and participate in central sensitization (Guo et al., 2002) . PKC activation of ERK is mediated by Src (Lu et al., 1999) . We found that a general tyrosine kinase inhibitor, genistein, inhibited the capsaicin-induced pERK induction at a concentration of 100 M (57%; p Ͻ 0.01) but not 50 M (25%; p Ͼ 0.05) (Fig. 6b) . Genistein (100 M) also inhibited pERK (68%; p Ͻ 0.01) induced by electrical stimulation, whereas its inactive form genistin (100 M) was without effect (Table 1) . A specific Src inhibitor, PP2, significantly inhibited capsaicin-induced pERK induction at a concentration of 20 M (43%; p Ͻ 0.05) but not 5 M (14%; p Ͼ 0.05) (Fig. 6b) .
To test whether these antagonists and inhibitors alter basal pERK levels, spinal slices were incubated with each drug (at higher concentrations) in the absence of C-fiber stimulation. None of the drugs tested had an effect on basal pERK levels(F (13, 35) 
ERK activation and CREB phosphorylation after C-fiber stimulation
To explore the mechanisms underlying ERK-mediated increases in gene transcription (Ji et al., 2002a) , we examined whether ERK is involved in CREB phosphorylation in dorsal horn neurons. In nonstimulated spinal cord slices, there is basal pCREB expression (Fig. 3a,e) . Dorsal root C-fiber stimulation induced a significant increase in pCREB-IR in nuclei of superficial dorsal horn neurons beyond the basal levels (Fig. 3b,c,e) . Bath application of a specific ERK upstream kinase (MEK) inhibitor, PD98059 (Alessi et al., 1995) , at 50 M completely blocked the C-fiber stimulationevoked increase in pCREB without altering the basal pCREB levels (Fig. 3d,e) . Capsaicin exposure also induced a significant increase in pCREB levels, with the same time course as pERK, reaching a peak at 2 min and maintained at elevated levels for 1 hr (Fig. 3f) . Preincubation with PD98059 also suppressed capsaicin-induced pCREB increase in a dose-dependent manner (Fig. 3g) . Therefore, ERK is required for C-fiber stimulation-induced CREB phosphorylation.
Accordingly, capsaicin-induced pCREB was totally blocked by PKA inhibitor H89 (1 M) and PKC inhibitor Ro-31-84-25 (1 M) at the concentration (1 M) that completely blocks pERK induction (Figs. 3g, 6a) . Although CaMK inhibitor KN93 (20 M) had no effect on capsaicin-induced pERK levels (Fig. 6b) , it partially suppressed capsaicin-induced pCREB levels ( p Ͻ 0.05) (Fig. 3g) .
ERK activation, CREB phosphorylation, and gene expression after C-fiber stimulation in vivo
We next tested whether ERK activation causes pCREB induction in vivo. Injection of capsaicin (75 g in 25 l) into a hindpaw induced both pERK and pCREB in the superficial dorsal horn (Fig. 7a-d) . Double immunofluorescence staining indicated that the pERK was colocalized primarily with pCREB in the nuclei of the medial superficial dorsal horn, with 89% pERK-IR neurons (170 of 192 neurons in 12 spinal sections obtained from two rats) expressing pCREB (Fig. 7e) . Intrathecal PD98059 pretreatment (1 g; 30 min before capsaicin injection) blocked both capsaicininduced pERK and pCREB ( p Ͻ 0.01) without affecting basal pCREB levels (Table 2) . Control animals received intraplantar injection of capsaicin vehicle (saline with 10% Tween 80) and intrathecal injection of PD98059 vehicle (10% DMSO). Intrathecal vehicle had no effect ( p Ͼ 0.05) on capsaicin-evoked pERK; the number of pERK-IR neurons in the superficial dorsal horn was 28.3 Ϯ 5.6 (without DMSO) and 24.9 Ϯ 2.5 (with DMSO).
Both the immediate early gene c-fos and the late response gene prodynorphin contain the CREB binding site CRE within their promoter regions (Lonze and Ginty, 2002) . Because pERK contributes to CREB phosphorylation, we tested whether ERK activation leads to c-fos and prodynorphin expression after capsaicin treatment in vivo. Intraplantar capsaicin induced an increased expression in the medial superficial spinal cord neurons of c-Fos at 1 hr and prodynorphin at 3 hr after the stimulation, and the expression of both genes was suppressed by intrathecal PD98059 (1 g) pretreatment (Fig. 7g, Table 2 ). PD98059 had no effect on basal prodynorphin levels (Table 2) . Although the pERK level declined from its peak 1 hr after the intraplantar capsaicin injection , most pERK-positive neurons also labeled for c-Fos (Fig. 7f ) . An RNase protection assay shows that intraplantar capsaicin increased prodynorphin mRNA levels in the dorsal horn at 3 hr but not at 6 hr after the injection (Fig. 7h) .
ERK activation and central sensitization generated pain hypersensitivity
Capsaicin injection into the skin induces an immediate shortlasting flicking response and a later secondary mechanical allo- 1 and 1 M) , the PKC inhibitor Ro-31-84-25 (Ro; 0.1 and 1 M), and H89 plus Ro-31-84-25 (0.1 M). ANOVA indicates an overall effect of these inhibitors on pERK expression (F (6, 27) ϭ 14.438; p Ͻ 0.0001). **p Ͻ 0.01, compared with capsaicin. Mean Ϯ SEM (n ϭ 3-6). b, Numbers of capsaicin-induced pERK-IR neurons in the presence of the general tyrosine kinase (TK) inhibitor genistein (50 and 100 M), the Src inhibitor PP2 (5 and 20 M), and the CaMK inhibitor KN93 (20 M). ANOVA indicates an overall effect of these agents on pERK expression (F (7, 23) ϭ 4.327; p ϭ 0.003). *p Ͻ 0.05; **p Ͻ 0.01, compared with capsaicin (n ϭ 3-6). Six to eight sections (15 m) were analyzed for each slice. Mean Ϯ SEM. The slices were incubated with each drug for 10 min and fixed 10 min after the capsaicin stimulation.
dynia outside the area of injection that lasts for several hours. Because primary afferents innervating the area of secondary allodynia and hyperalgesia are not sensitized, the pain hypersensitivity in this area is an expression of central sensitization Torebjork et al., 1992; Treede et al., 1992; Willis, 2002) .
Injection of capsaicin (20 g in 20 l) into the heel of the hindpaw induced secondary mechanical allodynia in the center plantar surface of the paw. This mechanical hypersensitivity was present 15 min after the injection, maintained at 3 hr, and recovered toward baseline at 6 hr (Fig. 8) .
Intrathecal pretreatment with PD98059 (1 g; 30 min before capsaicin injection) had no effect on basal mechanical pain sensitivity but significantly reduced secondary mechanical allodynia at both early (15-60 min) and later times (180 min) (Fig. 8) .
Discussion
ERK/MAPK is activated in dorsal horn neurons after peripheral noxious stimulation and inflammation, and this plays a role in regulating the expression of prodynorphin and NK-1 as well as pain hypersensitivity (Ji et al., , 2002a . In this study, we explored what is responsible for activating ERK and demonstrate that multiple nociceptor primary afferent transmitters and receptors contribute. We have further demonstrated a link between ERK and CREB/gene transcription in superficial dorsal horn neurons and a role for ERK in central sensitization.
Upstream regulators of ERK activation in the spinal cord differ from those in the cortex and hippocampus. CaMK is not involved in noxious stimulation-evoked pERK induction by capsaicin or electrical stimulation, although it contributes to ERK activation in brain slices (Vanhoutte et al., 1999; Zhu et al., 2002) and cortical neurons . CaMK is regarded as a major CREB kinase in cortical neurons (Lonze and Ginty, 2002) , but it is only partially involved in C-fiberinduced CREB phosphorylation in spinal slices. Our data suggest that ERK and CaMK are two parallel pathways leading to CREB phosphorylation, and the ERK pathway appears to be more important for C-fiber phosphorylation of CREB in dorsal horn neurons (Fig. 3) . Although blockade of the NMDA receptor completely blocks LTP-induced ERK induction in the hippocampus (English and Sweatt, 1997) , it only partially inhibits C-fiber-evoked ERK activation after capsaicin or electrical stimulation (Fig. 4, Table 1 ) (but see Lever et al., 2003) .
Neurotransmitter-neuromodulator receptors involved in ERK activation
Multiple transmitter receptors are coupled to ERK activation in the superficial laminas of the spinal cord: ionotropic NMDA andnon-NMDA glutamate receptors, mGluR1, and G-protein- coupled NK-1 receptor. Extracellular Ca 2ϩ appears essential for noxious stimulation-induced ERK activation (Lever et al., 2003) . The NMDA receptor functions as a Ca 2ϩ channel and is widely implicated in ERK activation in cortical neurons (Finkbeiner and Greenberg, 1996; Xia et al., 1996; English and Sweatt, 1997) , and calcium permeable AMPA receptors also play a role (Perkinton et al., 1999) (but see Lever et al., 2003) . We found that NMDA or AMPA receptor antagonists alone only partially blocked C-fiber stimulation-evoked pERK, but a combination of these receptor antagonists almost totally suppressed pERK (Table 1) . Ca 2ϩ influx after coactivation of these two ionotropic glutamate receptors may play a major role in ERK activation.
In agreement with previous in vivo (Karim et al., 2001) and in vitro studies (Lever et al., 2003) , we found that the group I metabotropic glutamate receptor, mGluR1, plays a major role in nociceptor afferent-induced ERK activation in dorsal horn neurons. mGluR1 activates phospholipase C to produce DAG and increases in intracellular Ca 2ϩ , both of which activate PKC. BDNF induces pERK and pCREB in cortical and hippocampal neurons (Ji et al., 1998; Patterson et al., 2001; Ying et al., 2002) , and in agreement with a recent study (Pezet et al., 2002) , we found that BDNF induces pERK in dorsal horn neurons in vitro and in vivo. A general Trk inhibitor, K252a, at doses where its action is specific for the Trk receptors attenuated pERK induction by capsaicin stimulation.
Involvement of protein kinases in ERK activation
Increases in intracellular Ca 2ϩ either by extracellular Ca 2ϩ influx through NMDA, AMPA, or calcium channels as well as release from intracellular Ca 2ϩ stores after activation of G-proteincoupled mGluR1 or NK-1 receptors will result in the direct activation of PKC. Ca 2ϩ influx also increases intracellular cAMP through activation of Ca 2ϩ /CaM-sensitive adenylyl cyclases, which activate PKA. cAMP and PKA are coupled to the Raf/Ras/ ERK pathway via a small G-protein Rap1 . Both PKA and PKC contribute to the activation of ERK in the dorsal horn by C-fiber inputs.
Furthermore, activation of either PKA or PKC alone is sufficient to activate ERK. A combined application of forskolin and PMA induced the strongest ERK activation that we found in the spinal cord, fivefold higher than that induced by NMDA, substance P, and BDNF but also twofold higher than that produced by depolarization of spinal neurons with KCl and stimulation of C-fibers with capsaicin. However, caution must be taken, because forskolin may activate ERK through cAMP-dependent but PKAindependent mechanisms. Nevertheless, in combination with the data from both activators and inhibitors, our results strongly suggest an essential role of PKA and PKC in regulating ERK activation in dorsal horn neurons. Recent studies on electrophysiology show that ERK integrates PKA and PKC signaling in superficial dorsal horn neurons to modulate A-type potassium currents .
The tyrosine kinase Src is associated with ERK activation after both activation of G-protein-coupled receptors and intracellular Ca 2ϩ increases (Lev et al., 1995; Widmann et al., 1999) . A PKC/ Pyk2/Src pathway contributes to synaptic plasticity, regulating NMDA receptor function (Lu et al., 1999; Huang et al., 2001) , and Src is implicated in the phosphorylation of NMDA receptors in the spinal cord (Guo et al., 2002; Salter and Kalia, 2004) . Our data show that both a general tyrosine kinase inhibitor genistein suppresses and a specific Src inhibitor PP2 attenuates pERK in the dorsal horn, suggesting a role for intracellular tyrosine kinases in activating ERK. Src and related tyrosine kinases may couple PKC signaling to ERK activation in dorsal horn neurons.
ERK activation, CREB phosphorylation, and gene transcription
In agreement with studies in cultured cortical and hippocampal neurons and in brain slices (Xia et al., 1996; Impey et al., 1998; Sgambato et al., 1998; Obrietan et al., 1999; Vanhoutte et al., 1999) , we found that ERK activation in the dorsal horn is coupled to CREB phosphorylation and c-fos expression. pERK colocalizes Figure 8 . ERK activation is involved in mediating capsaicin-induced secondary mechanical allodynia. Capsaicin injection (20 g in 20 l) into the heel of a rat hindpaw induces a secondary mechanical allodynia in the center of the plantar surface of the hindpaw, which is inhibited by intrathecal injection of the MEK inhibitor PD 98059 (1 g) 30 min before capsaicin. **p Ͻ 0.01, compared with vehicle control (10% DMSO); t test; n ϭ 7. Data are expressed as percentage of precapsaicin control. The MEK inhibitor had no effect on basal pain sensitivity. Mechanical allodynia was measured with von Frey filaments. Number of pERK-IR, pCREB-IR, c-Fos-IR, and prodynorphin-IR neurons in the medial two-thirds of superficial dorsal horn (laminas I-II) per spinal cord section at 5 Intrathecal injection of the MEK inhibitor PD98059 (1 g) 30 min before capsaicin injection suppressed the capsaicin-induced increase in these signaling molecules (p Ͻ 0.01) but had no effect on their basal levels in vehicle-treated animals (p Ͼ 0.05). Vehicle-treated animals received intraplantar injection of saline with 10% Tween 80 and intrathecal injection of 10% DMSO. Mean Ϯ SEM. Eight spinal sections (15 m) were analyzed per spinal cord (n ϭ 4).
with pCREB and c-Fos in most superficial dorsal horn neurons, providing a basis for ERK-mediated CREB phosphorylation and c-fos expression in the same neuron rather than through synaptic transmission. ERK is required for c-Fos expression in the spinal cord in a rat model of radicular neuritis (Kominato et al., 2003) . Noxious stimulation and peripheral inflammation evoke ipsilateral pERK induction and c-fos expression but a bilateral induction of pCREB in the dorsal horn (Ji and Rupp, 1997; Messersmith et al., 1998) . pERK is predominantly induced in superficial dorsal horn neurons, whereas pCREB and c-fos are also induced in the deep dorsal horn. In addition, there are high basal levels of pCREB but very low levels of pERK and c-fos. Therefore, pERK is not necessary for pCREB induction in the spinal cord, and other protein kinases must play a role in CREB phosphorylation (Lonze and Ginty, 2002) . A direct coupling between pERK, pCREB, and c-fos appears to be restricted to superficial dorsal horn neurons. The pERK/pCREB cascade regulates the expression of several late-response genes. ERK activation is required for the upregulation of prodynorphin in dorsal horn neurons after complete Freund's adjuvant-induced chronic inflammation (Ji et al., 2002) and capsaicin-induced acute inflammation (Fig. 7) . In addition to c-fos and prodynorphin, CRE sites are found on the promoter regions of many other genes induced by inflammation in the dorsal horn, such as immediate-early gene zif268, Cox-2, and late-response gene NK-1 and TrkB (Wisden et al., 1990; Mannion et al., 1999; Samad et al., 2001; Ji et al., 2002a; Lonze and Ginty, 2002) . pCREB is implicated in regulating NK-1 expression (Abrahams et al., 1999; Anderson and Seybold, 2000; Seybold et al., 2003) . ERK can activate other transcription factors such as ELK-1 (Ets-like transcription factor), which can bind to the SRE (serum response element) to regulate gene transcription in a CREB-independent manner (Widmann et al., 1999) .
ERK and central sensitization
ERK activation contributes to the second phase of sensitivity in the formalin model Karim et al., 2001 ). This phase is a manifestation of an NMDA receptor-dependent central sensitization, as revealed by conditional deletion of the NR1 receptor subunit in the dorsal horn (South et al., 2003) . Capsaicininduced secondary mechanical allodynia is another model of central sensitization Torebjork et al., 1992; Treede et al., 1992; Willis, 2002) and, as we now show, is also ERK dependent. In both models, ERK contributes to the early (Ͻ60 min) activity-dependent phase of central sensitization. This may be mediated through the phosphorylation of ion channels or receptors such as the A-type potassium channel Kv4.2 Morozov et al., 2003) , leading to increased neuronal excitability or to the trafficking of AMPA receptors from the cytoplasm to the subsynaptic membrane (Zhu et al., 2002; .
In conclusion, C-fiber activation of multiple ionotropic, metabotropic, and tyrosine kinase receptors result in ERK activation in superficial dorsal horn neurons. Activation of these receptors is coupled to ERK through activation of PKA and PKC pathways. Activated ERK contributes to the acute phase of central sensitization and, by regulating CREB-mediated transcription, may produce long-lasting changes in sensory processing. We conclude that ERK is an important intracellular controller of activity-dependent plasticity in the spinal cord, mediating the coupling of diverse synaptic inputs to altered synaptic efficacy.
